Introduction
Breast cancer is the most common malignancy among women and is the leading cause of female cancer mortality worldwide. Current therapies only delay its progression, while the survival rate of breast cancer patients remains low due to inevitable recurrence and the absence of efficient systemic therapies (1) . Numerous types of cancer, including breast cancer, are associated with the human epidermal growth factor receptor (HER) family. This family consists of four highly homologous members, epidermal growth factor (EGFR), HER2, HER3 and HER4. HER2 is overexpressed in 25-30% of invasive breast cancers and strongly correlates with poor prognosis and resistance to certain chemotherapeutic agents (2) . HER3 can form an active heterodimer with HER2, characterized as the most potent signaling complex of the HER family, triggering the downstream signaling pathway of phosphatidylinositol 3-kinase (PI3K)/Akt, which controls cell proliferation, survival and apoptosis (3, 4) . In the last two decades, HER2 has been highlighted as a promising therapeutic target, prompting the development of highly effective antitumor drugs, such as trastuzumab, a monoclonal antibody targeting HER2, and lapatinib, a dual tyrosine kinase inhibitor (TKI) targeting HER2-and EGFR-related pathways (5, 6) . However, these TKIs show limited activity in HER2-driven breast cancers. This may be due to TKI-induced compensatory upregulation of HER3 and its phosphorylation (7) . The development of specific small-molecule inhibitors against HER3 is challenging, since HER3 lacks innate tyrosine kinase activity. Therefore, blocking HER2/HER3 expression and the downstream signal transduction pathway using nutritional intervention may be a more efficient therapeutic strategy in breast cancer treatment.
The extract of Momordica charantia, also known as bitter melon, was previously reported to exert antitumor effects in breast cancer in vitro and in vivo (8) . Of particular interest is the fact that up to 50% of bitter melon seed oil consists of eleostearic acid (α-ESA), a conjugated trienoic fatty acid. There is increasing evidence that α-ESA exhibits antitumor activity in breast cancer cells. For instance, α-ESA blocked cell proliferation and induced apoptosis in breast cancer cells, and addition of α-tocopherol affected oxidative stress and apoptosis, suggesting that α-ESA-induced apoptosis is associated with lipid peroxidation (9 
Materials and methods

Cells and reagents.
Human breast cancer cell lines SKBR3 and T47D were obtained from the Cell Bank of Type Culture Collection of the Chinese Academy of Science. The cells were cultured at 37˚C under 5% CO 2 in RPMI-160 and Dulbecco's modified Eagle's medium (DMEM), respectively, both supplemented with 10% fetal bovine serum (FBS). The primary antibodies targeting HER2, HER3, phospho-Akt (Ser473), phospho-glycogen synthase kinase-3β (GSK-3β) (Ser9), phospho-phosphatase and tensin homolog (PTEN) (S380), nuclear factor κB (NF-κB), phospho-NF-κB (S536), B-cell lymphoma 2 (Bcl-2) and phospho-Bcl-2-associated death promoter (BAD) (S136) were from Cell Signaling Technology (Beverly, MA, USA).
Cell viability (MTT) assay. SKBR3 and T47D cells were seeded in 96-well plates at a density of 7x10 3 cells/well. After overnight incubation to allow cell attachment, the cells were treated with α-ESA in serum-free medium for 24, 48 and 72 h. For the MTT assay, 20 µl MTT (at 5 mg/ml) was added to each well and the mixture was then incubated for 4 h in a 37˚C incubator. The mixture in each well was then removed, and 100 µl dimethyl sulfoxide was added into each well. The absorbance was read at 450 nm with a microplate reader (Bio-Rad, Hercules, CA, USA). Measurements were performed in triplicate.
Cell cycle assay. Cells (2x10 5 /well) were seeded into 6-well plates and incubated in culture medium for 24 h. The cells were treated with α-ESA (40 µM) for 48 h, and then harvested. After washing with phosphate-buffered saline (PBS), the cells were fixed with ice-cold 70% ethanol at 4˚C for 24 h. Cell staining was performed by incubation with cell cycle reagents from Beckman Coulter, Inc. (Miami, FL, USA) for 30 min at room temperature in the dark. Cell cycle distribution was then analyzed by flow cytometry on a FACSCalibur cytometer and data were analyzed with the CellQuest Pro software (both from BD Biosciences, San Jose, CA, USA).
DAPI staining. Cells (4x10 5 /well) were plated into 6-well plates with slide and allowed to adhere overnight. The cells were treated with α-ESA (40 µM) for 48 h and washed with PBS three times. They were then fixed with 4% paraformaldehyde (SigmaAldrich, St. Louis, MO, USA) for 10 min at room temperature and incubated with 10 µg/ml of 4,6-diamidino-2-phenylindole (DAPI) for 5 min at room temperature in the dark. Slides were washed three times with PBS and analyzed under a confocal laser scanning microscope. Digital images were acquired with FluoView software (Olympus, Melville, NY, USA).
Western blotting. Cell extracts were prepared in lysis buffer (20 mM Tris-HCl, pH 7.6, 1 mM EDTA, 140 mM NaCl, 1% Nonidet P-40, 1% aprotinin, 1 mM phenylmethylsulfonyluoride, and 1 mM sodium vanadate). Protein concentration of the sample was determined by the bicinchoninic acid (BCA) protein assay. Equal amounts of protein were subjected to 10% SDS-PAGE electrophoresis and the gel was transferred to a nitrocellulose membrane. The membrane was blocked with 5% milk and incubated with primary antibodies at 4˚C overnight. The membrane was then incubated with horseradish peroxidase-conjugated rabbit secondary antibodies for 1 h at room temperature. Detection of the resulting complexes was performed with enhanced chemiluminescence (ECL).
Results
Sensitivity of human breast cancer cells to α-ESA.
To investigate the sensitivity of human breast cancer cells to α-ESA, SKBR3 and T47D cells were treated with α-ESA for 24, 48 and 72 h in serum-free medium. As shown in Fig. 1 , exposure to α-ESA led to dose-and time-dependent growth inhibition in the two cell lines. SKBR3 cells were more sensitive to α-ESA compared to T47D cells. Treatment with 80 µM α-ESA for 24, 48 and 72 h induced over 60, 66 and 81% reduction in SKBR3 cell viability, and ~38, 53 and 60% reduction in T47D cell viability, respectively.
α-ESA induces cell cycle arrest. We performed flow cytometry analysis to investigate the ability of α-ESA to alter the cell cycle. As shown in Fig. 2 , the incubation of SKBR3 and T47D cells with α-ESA (40 µM) resulted in G 0 /G 1 and G 2 /M cell cycle arrest. The percentage of SKBR3 cells at the G 0 /G 1 and G 2 /M phases increased from 62.3 and 4.02% to 65.9 and 9.2%, respectively. In addition, the percentage of T47D cells at the G 0 /G 1 and G 2 /M phases increased from 31.21 and 8.6% to 37.8 and 14.25%, respectively.
α-ESA induces apoptosis in human breast cancer cells. To determine whether decreased survival induced by α-ESA was associated with cell apoptosis, SKBR3 and T47D cells were treated with 40 µM α-ESA for 48 h, and stained with DAPI. As compared to the control, morphological changes characteristic of apoptosis (increased nuclear condensation and fragmentation) were noted in α-ESA-treated cells (Fig. 3) .
α-ESA inhibits HER2 and HER3 expression, and downstream survival signaling. In order to assess the mechanism by which α-ESA induces growth inhibition and cell apoptosis in breast cancer cells, western blot analysis was used to examine the expression of the HER2/HER3 signaling pathway proteins in α-ESA-treated cells. As shown in Fig. 4 , α-ESA treatment decreased the HER2 and HER3 protein levels in SKBR3 and T47D cells, and this effect was dose-dependent. To determine whether the α-ESA-induced decrease of HER2/ HER3 further inhibits the related downstream signaling pathway, we examined phosphorylation levels of Akt and GSK-3β in cells treated with α-ESA. As shown in Fig. 4 , α-ESA treatment decreased serum-induced Akt and GSK-3β phosphorylation in the two cell lines, with a more prominent decrease observed in SKBR3 cells compared to T47D cells. To determine whether PTEN activation is involved in the α-ESA-mediated decrease in Akt phosphorylation, phosporylation of PTEN was examined in cells treated with α-ESA. As shown in Fig. 4 , phosphorylation of PTEN was markedly increased in the two breast cancer cell lines treated with α-ESA for 48 h. In addition, there is evidence that activated NF-κB is involved in oncogenesis (12) . To verify whether the antitumor effect of α-ESA is mediated by NF-κB, we examined the protein level of NF-κB and its phoshorylated form. Of note, NF-κB expression was slightly decreased, but the level of its phosphorylated form was markedly increased upon α-ESA treatment in both cell lines.
α-ESA activates the BAD-dependent apoptotic pathway. The anti-apoptotic effect mediated by the PI3K/Akt pathway involves Akt phosphorylation of BAD. BAD phosphorylation at Ser 36 promotes its binding to the 14-3-3 protein isoforms instead of Bcl-2 or Bcl-xL. Released anti-apoptotic proteins may be associated with Bax to promote cell survival (13) . To determine whether α-ESA-induced apoptosis is mediated by BAD phosphorylation by Akt, BAD phosphorylation (Ser136) was semi-quantitatively assessed following α-ESA treatment with western blot analysis. As shown in Fig. 5 , α-ESA treatment reduced serum-induced phosphorylation of BAD at Ser 136 in the two cell lines. In addition, Bcl-2 is a known antiapoptotic protein in the pathway of mitochondrial apoptosis, and our results showed that Bcl-2 expression was markedly decreased upon α-ESA treatment.
Discussion
Breast cancer currently remains the leading cause of cancer death in women worldwide; in 2004, it accounted for an estimated 519,000 deaths (14) . Despite application of systemic therapeutic treatment such as chemotherapy, radiotherapy and targeted therapy in late-stage breast cancer cases, the 5-year survival rate remains low, owing to considerable toxicity side-effects or drug resistance (15) . Nevertheless, preclinical and clinical findings recently revealed that dietary factors can play crucial roles in cancer prevention and treatment (16, 17) .
In the present study, α-ESA, a conjugated trienoic fatty acid found in considerable amounts in bitter melon seed oil, directly reduced the viability of SKBR3 and T47D breast cancer cells in a time-and dose-dependent manner (Fig. 1) . The mechanism by which α-ESA exerts this inhibitory effect involves the induction of G 0 /G 1 and G 2 /M cell cycle phase arrest. Of note, exposure to α-ESA (80 µM) for 24 h induced ~60% growth inhibition in SKBR3 cells. However, treatment with 80 µM docosahexaenoic acid (DHA) for 24 h only slightly inhibited the proliferation of SKBR3 cells (unpublished data). A previous study demonstrated that α-ESA is quickly converted to conjugated linoleic acid with a double bond cleavage (18) , and it may be that α-ESA exerts its more rapid antitumor activity via double bond cleavage-mediated oxidative stress. Previous studies have shown that bitter melon extract and α-ESA induced growth inhibition and cell apoptosis in breast and prostate cancer cells (8, 9, 11, 19) . The main mechanism proposed for the α-ESA antitumor effect in these studies was oxidative stress (9, 11) . However, HER family members are invovled in the development and progression of cancer. Additionally, overexpression of HER2 is evident in invasive breast cancers and serves as a frequent target of mammary oncogenesis (20) . In addition, HER3 is required for HER2-induced preneoplastic changes in the breast epithelium and tumor formation, and drives therapeutic resistance to HER2 inhibitors (21) . In this context, the aim of the present study was to examine the effect of α-ESA on the membrane receptor heterodimer HER2/HER3 and the related downstream signaling pathways.
We have demonstrated that α-ESA reduces, not only the HER2 protein level, but also HER3 expression in two breast cancer cell lines showing different levels of HER2 expression (Fig. 4) . Besides α-ESA, HER2/HER3 expression is also modulated by other n-3 polyunsaturated fatty acids (PUFAs) such as DHA and eicosapntemacnioc acid (EPA). We previously found a low ratio of n-6/n-3 PUFAs in breast tumor tissues of fat-1 transgenic rats that ubiquitously convert n-6 to n-3 PUFAs, accompanied by reduced HER2/HER3 expression and restricted tumor growth (unpublished data). In addition, we (unpublished data) and Menendez et al (22) found that DHA decreases HER2 expression in breast cancer cells. Results of the present study suggest that clinical use of α-ESA, unlike HER2 inhibitors, may circumvent drug resistance that is so vital in breast cancer prevention and treatment, owing to the mechanism of action of this molecule, which involves inhibition of HER2/HER3-related pathways.
PI3K/Akt is an important HER2/HER3 downstream signaling pathway that negatively regulates cell growth and apoptosis. The tumor suppressor protein PTEN opposes the action of PI3K by dephosphorylating the signaling lipid molecule phosphatidylinositol (3,4,5)-trisphosphate (23). Our findings showed that α-ESA treatment blocks serum-stimulated phosphorylation of Akt in the two breast cancer cell lines examined. In addition, we found that PTEN is activated via phosphorylation by α-ESA. Overall, these results suggest that decreased HER2/HER3 expression along with activation of PTEN upon α-ESA treatment may lead to decreased Akt phosphorylation. In line with our results, α-ESA-induced Figure 4 . α-eleostearic acid (α-ESA) reduces the expression of human epidermal growth factor receptor 2 (HER2) and HER3 and inhibits downstream signaling in SKBR3 and T47D cells. The cells were treated with α-ESA in serum-free medium for 48 h and stimulated with 10% fetal bovine serum (FBS) for 1 h. Changes in HER2, HER3, p-Akt, p-phosphatase and tensin homolog (PTEN), p-glycogen synthase kinase-3β (GSK-3β), nuclear factor κB (NF-κB) and p-NF-κB were examined by western blot analysis, with β-actin as the loading control. Figure 5 . Effects of α-eleostearic acid (α-ESA) on B-cell lymphoma 2 (Bcl-2) and p-Bcl-2-associated death promoter (BAD) in SKBR3 and T47D cells. The cells were treated with α-ESA in serum-free medium for 48 h and then stimulated with 10% fetal bovine serum (FBS) for 1 h. Changes in p-BAD and Bcl-2 were examined by western blot analysis, with β-actin as the loading control.
inhibition of Akt phosphorylation in HeLa cells was reported by Eom et al (24) . GSK-3β acts downstream of Akt to mediate epidermal growth factor, insulin and Wnt signals to various downstream pathways regulating processes such as glycogen metabolism, cell proliferation and differentiation. We showed that α-ESA reduced GSK-3β phosphorylation, which coincided with decreased Akt phosphorylation. This suggests that the PI3K/Akt/GSK-3β pathway is involved in the antitumor activity of α-ESA. In addition, Eom et al (24) found that α-ESA induced autophage-dependent apoptosis through targeting the Akt/mammalian targets of rapamycin (mTOR) pathway. Members of the NF-κB family of transcription factors are involved in the regulation of a wide spectrum of biological responses. NF-κB activation is dependent itself on various signaling pathways, such as the Ras/ mitogen-activated protein kinase (MAPK) and PI3K/Akt. Therefore, we hypothesized that α-ESA-mediated inhibition of Akt phosphorylation is involved in the inhibition of NF-κB. Notably, in the cells treated with α-ESA, expression of NF-κB was slightly decreased, but its phosphorylation was markedly increased, suggesting that the PI3K/Akt pathway may not be involved in regulating NF-κB activation, although activated NF-κB plays a vital role in promoting oncogenesis. There is evidence that oxidized lipoproteins activate NF-κB and induce cell apoptosis (25) . Therefore, the antitumor activity of α-ESA may be associated with oxidative stress via NF-κB activation, and future studies are needed to elucidate this hypothesis.
Besides cell growth inhibition, α-ESA also induced cell apoptosis, as evidenced by an increase in nuclear condensation and fragmentation in the two breast cancer cell lines using DAPI staining. Additional recent studies have indicated that apoptosis induction by α-ESA occurs in breast cancer, cervix carcinoma and leukemia (9) (10) (11) 24) . Unphosphorylated BAD binds to the anti-apoptotic protein Bcl-2 to exert its pro-apoptotic effect. Akt exerts survival signals by phosphorylating BAD, which blocks BAD-induced apoptosis (13) . Our results showed that α-ESA reduced BAD phosphorylation at Ser 136, suggesting that Akt-mediated BAD phosphorylation is involved in α-ESA-induced apoptosis (Fig. 5) . Moreover, α-ESA affected the expression of the anti-apoptotic protein Bcl-2. In line with our results, a study by Moon et al reported α-ESA-induced decrease in Bcl-2 levels in MCF7 breast cancer cells (10) . Overall, these data suggest that a decreased Bcl-2 expression and increased BAD binding to Bcl-2 mediate α-ESA-induced apoptosis.
In summary, the current study provided promising preclinical evidence on the molecular mechanisms by which α-ESA may regulate the malignant behavior of breast cancer cells. These results may be helpful in the development of clinical interventions that would use α-ESA for the prevention and treatment of breast cancer, as well as for nutritional support of cancer patients, allowing them to overcome weight loss and regulate their immune system.
